Efficient gene transfer is a prerequisite for analysing reguefficiencies were 140-to 300-fold when compared with lation of transfected promoters. We combined the DNA those obtained with PEI alone. Then we tested physiologibinding property of the cationic polymer polyethylenimine cally regulated promoters: the phosphoenolpyruvate car-(PEI) and the potent endocytic activity of adenovirus in a boxykinase gene promoter in 3T3-F442A or FAO cells and PEI-DNA-adenovirus complex which provided efficient the hexokinase II gene promoter in C2.7 myocytes. Gene plasmid delivery in differentiated cultured cells. We transexpression was appropriately increased by clofibrate, fected 3T3-F442A adipocytes, C2.7 myocytes and FAO dexamethasone and insulin for 3T3-F442A, FAO and C2.7 hepatoma cells with a construct containing the simian virus cells, respectively. Thus, the combination of PEI and 40 promoter fused to the chloramphenicol acetyltransferadenovirus is a simple, efficient, inexpensive and versatile ase (CAT) gene, using a combination of PEI and 200 p.f.u. method of gene transfer which is applicable to several difper cell of replication-deficient type 5 adenovirus. Resulting ferentiated cells and provides a physiologically coherent CAT activities varied according to the cell type reaching transgene regulation. We name this method PEIabout 0.6, 8 and 38 units/mg protein for respectively 3T3-adenofection. F442A, FAO and C2.7 cells. Increases in transfection
Introduction
(lipoadenofection) permits the efficient transfer of reguEfficient delivery of foreign genes into eukaryotic cells is lated genes in cultured adipocytes and hepatoma cells, the fundamental basis for gene therapy and gene regutwo differentiated cell types almost impervious to translation studies. Development of systems capable of fection by other means. 19 In the course of our gene reguefficiently introducing DNA into target cells is still an lation studies, we sought a procedure that would further area of active research. [1] [2] [3] Substantial effort has been improve transfection efficiency and would allow the focused on nonviral vectors. Such reagents contain catmaintenance of correct hormonal control of the transionic molecules which interact ionically with plasmid ferred gene in differentiated cells while being repro-DNA and induce compacted, positively charged comducible, versatile and inexpensive. To achieve these replexes capable of cellular internalisation. Synthetic DNAquirements we combined PEI-DNA complexes with ligand complexes enter cells via receptor-mediated endoreplication-deficient adenovirus. We suggest the method cytosis, [2] [3] [4] [5] while liposomes, 6 cationic lipids, 7, 8 polymers, 9 be referred to as 'PEI-adenofection'. The present report or the new and versatile vector polyethylenimine (PEI), 10 details the optimized PEI-adenofection procedure for provide receptor-independent gene transfer. PEI has been efficient transfer of regulated genes in adipocytes, myoused successfully to deliver genes and oligonucleotides cytes and hepatoma cells. into cells in culture and in vivo. This vector is assumed to bind plasmid DNA efficiently and to behave as an endosome-buffering reagent, protecting DNA from lysoResults somal nucleases. 10 Another means of limiting lysosomal degradation of endocytosed material has been to associ-PEI-mediated gene transfer in 3T3-F442A adipocytes, ate replication-deficient adenovirus either noncovalently C2.7 myocytes and FAO hepatoma cells or covalently with poly-l-lysine-DNA conjugates, [11] [12] [13] [14] [15] [16] or The gene transfer property of a cationic reagent is liposomes. [17] [18] [19] [20] [21] [22] charge ratio of 1.5 corresponds to nine equivalents. 10 To adipocytes, C2.7 myocytes and FAO hepatoma cells, we 25 kDa ( Figure 2 ). Under such conditions, values were equivalent to that obtained by lipoadenofection. For C2.7 used complexes formed with a fixed amount of pSV2-CAT and varying amounts of PEI, either 25 kDa or 800 myocytes, the combination of adenovirus with either PEI 800 kDa at a charge ratio of 3 or PEI 25 kDa at a charge kDa. CAT activity from cells treated with the various PEI:DNA charge ratios was compared with that obtained ratio of 1.5 led respectively to a 140-fold or a 70-fold higher CAT activity than that achieved by lipoadenofecwith lipofectAMINE used in optimal conditions (10 positive charges per negative charge). 19 Results reported in tion ( Figure 2 ). Interestingly, for both cell types, maximal efficiency of PEI-mediated gene transfer occurred within Figure 1 showed that, whatever the charge ratio NH + 3 :PO − 4 and the molecular weight of the polymer, a narrow window of PEI:DNA charge ratios (3 for the 800 kDa and 1.5 and 3 for the 25 kDa polymer) (Figure maximum CAT activity obtained with PEI was much lower than that achieved with lipofectAMINE (17% for 2). For FAO hepatoma cells, the window was wider, with a maximal CAT activity attained at a charge ratio of 3T3-F442A adipocytes and 20% for FAO hepatoma cells). For C2.7 myocytes, PEI 800 kDa or PEI 25 kDa at charge around 3 for both 800 kDa and PEI 25 kDa ( Figure 2 ). These optimal values were respectively two-fold and ratios of 3 to 12 were more efficient than lipofectAMINE with a five-fold improvement of gene transfer when PEI five-fold higher than that obtained by lipoadenofection. For 3T3-F442A adipocytes, C2.7 myocytes and FAO 800 kDa was employed at a charge ratio of 6 ( Figure 1) . hepatoma cells maximal CAT activities obtained after transfection with the combination of PEI-pSV2-CAT Adenovirus greatly improves PEI-mediated gene transfer Based on our previous finding that adenovirus greatly complex and adenovirus were respectively 300-fold, 143-fold and 146-fold better than those achieved with PEIimproves lipofection, 19 we wondered whether PEImediated gene transfer would also be enhanced by pSV2-CAT complexes alone ( Table 1 ). The presence of 10% fetal calf serum during the 7 h transfection period addition of adenovirus in the transfection mixture. To address this question, we used the replication-deficient did not alter gene transfer efficiency for 3T3-F442A adipocytes and C2.7 myocytes while for FAO cells a 30% adenovirus, Ad-RSV-nlsLacZ, which expressed ␤-galactosidase in the nuclei of infected cells.
decrease was noted (data not shown). We subsequently refer to PEI-adenofection for polyethylenimine-mediated In a first set of experiments, we treated 3T3-F442A adipocytes, C2.7 myocytes or FAO hepatoma cells with gene transfer performed in the presence of adenovirus. In a second set of experiments, we tried to optimize the PEI-pSV2-CAT complexes at varying charge ratios, in the presence of 200 plaque forming units (p.f.u.) of Adthe concentration of adenovirus for PEI-adenofection. We treated each cell type with the PEI-pSV2-CAT complex RSV-nlsLacZ. CAT activities were evaluated and compared with those obtained by lipoadenofection. For 3T3-at the above-determined optimal charge ratios (see Figure  2 ) and Ad-RSV-nlsLacZ at either 20, 200 or 400 p.f.u. per F442A adipocytes, maximal CAT activity was obtained with a charge ratio of 3 for PEI 800 kDa and of 1.5 for PEI cell. At 20 p.f.u. per cell, Ad-RSV-nlsLacZ had no effect ( Figure 3 ). At 200 p.f.u. adenovirus per cell, enhance-3 days later, viability dropped to reach about 40% whether adenovirus was used alone or in the presence of ments of CAT activities obtained with PEI 25 kDa and 800 kDa were respectively 204-fold and 135-fold for 3T3-PEI. In the later case, CAT activity decreased in proportion. Conversely, for 3T3-F442A adipocytes, toxicity F442A adipocytes, 17-fold and 196-fold for C2.7 myocytes and 5200-fold and 7600-fold for FAO hepatoma cells, provided by adenovirus remained minimal whatever the time after transfection. when compared with adenovirus-free PEI transfected cells (Figure 3 ). Adding from 200 to 400 p.f.u. per cell adenovirus enhanced PEI-mediated transfer of pSV2-Adenovirus augments the percentage of PEI-transfected cells CAT in each cell type despite increased toxicity seen at 24 h by the decrease in protein content per plate specifiTo determine transfection efficiency we used the pBAnlsLacZ construct which allows such an estimate by cally for C2.7 myocytes and FAO hepatoma cells ( Figure  3 ). Using an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-simply counting the number of blue nuclei after staining ␤-galactosidase-expressing cells with 5-bromo-4-chloro-3-diphenyltetrazolium bromide) assay, 24 we analysed potential toxicity provided by 200 p.f.u. of adenovirus indolyl-␤-d-galactoside. To this end, PEI-adenofection was carried out with a recombinant adenovirus devoid per cell without or with PEI when compared with PEI alone. Whatever the cell line, viability remained high of nlslacZ gene (Ad-AFP-TK) so as to avoid problems of discrimination between the two components of gene (close to 100%) within 4 days after transfection with PEI. For FAO hepatoma cells and C2.7 myocytes, toxicity was transfer. Cells were stained 24 h after transfection. Figure 4 presents representative photomicrographs of insignificant 1 day after PEI-adenofection. In contrast, transfected cells. After transfection with PEI in the absence of adenovirus, very few cells showed blue nuclei, whatever the cell line ( Figure 4A , C and E). In the presence of adenovirus, the number of PEI-transfected 3T3-F442A adipocytes remained low, although three to four blue nuclei could be visualized in each microscopic field, representing a 200-fold increase ( Figure 4B ). For C2.7 myocytes and FAO hepatoma cells, PEI-adenofection efficiencies reached about 40% and 10% of the total cell population, respectively. These increases in gene transfer efficiency were similar to the enhancement of CAT expression described in Figure 3 .
Genes transferred by PEI-adenofection are physiologically regulated To determine whether PEI-adenofection is compatible with correct hormonal regulation of the transferred gene, we used plasmid constructs containing either −2100 to +69 bp of the phosphoenolpyruvate carboxykinase gene (pPL1) or −487 to +147 bp of the hexokinase II gene (pHKII) fused to the CAT gene. PEI-adenofection of pPL1-CAT was carried out in 3T3-F442A adipocytes and FAO hepatoma cells whereas PEI-adenofection of pHKII-CAT was used in C2.7 myocytes because these cell lines express and regulate the corresponding endogenous polymers have been employed successfully in a number of cases. For instance, poly-l-ornithine-mediated transwith what has been previously described using other fection of L6 and C2 myocytes has been developed, 9 and transfection methodologies. 19, 25, 26 used for studying transcriptional regulation of HKII promoter by insulin. 25 This method, however, does not work with adipocytes (unpublished observations). AsialoglycoDiscussion protein-poly-l-lysine complexes have been used for the transfer and study of cAMP regulation of a chimeric gene Polyethylenimine has already proved to be an efficient vector for transferring oligonucleotides and plasmids into containing the cDNA for human factor IX fused to the PEPCK promoter in HepG2 hepatoma cells. 29 Such a conseveral cell types. 10 Efficiency, however, is of the same order of magnitude as that obtained with the lipopolyjugate is tricky to assemble and requires the liver-specific asialoglycoprotein receptor for transfection. Other amine transfectam and varies with the cell type used. 10 For instance, with 3T3-F442A adipocytes, transfectam is receptor-mediated gene transfer technologies have been developed for in vitro and/or in vivo gene transfer, much less efficient than lipofectAMINE. 19 Therefore, we used lipofectAMINE in comparative experiments with although, to our knowledge, no result of gene regulation has been reported to date. Cationic liposomes are useful PEI. Our results demonstrate that there are large variations in gene transfer efficiency with different cell types reagents for transfecting regulated genes in hepatocytes, 30 but not in adipocytes (C Meunier-Durmort, (Figure 1 ). 3T3-F442A adipocytes and FAO hepatoma cells are hardly transfectable by PEI whereas with C2.7 unpublished observations). In contrast, the combination of such liposomes and unmodified adenoviruses results myocytes a higher transgene expression is obtained with PEI ( Figure 1 ). Such variations may be the consequence in a large increase in transfection efficiency in differentiated cells and is compatible with the maintenance of a of cell differences in plasma membrane composition or in spontaneous endocytic activity. Figure 1 also shows correct hormonal regulation of the transgene. 19 Finally, recombinant adenoviruses have been used on rare that at least two other factors intervene in the ability of PEI to carry genes into differentiated cells: the molecular occasions for transferring regulated genes in partially differentiated cells such as the CV1 monkey kidney cells, 31 weight of the polymer, that would influence formation of different tridimentional complexes and the PEI:DNA the HepG2 human hepatoma cells, 32 or pneumonocytes in primary culture. 33 Genetic modification of adenocharge ratio. The influence of charge ratio has already been reported for transfection of murine 3T3 fibroblasts viruses, however, is time consuming and the size of the replacement gene is generally limited to a few kilobases. with PEI. 10 As expected from our previous experiments with lipoWith the PEI-adenofection procedure several of the above-mentioned inconveniences are avoided. It is a fectAMINE, 19 adenovirus also dramatically enhances PEI-mediated gene transfer in all the differentiated cell simple, efficient, inexpensive and versatile technique that is applicable to several differentiated cells. Cell integrity types tested and reduces the amount of PEI required for maximal transfection (Figures 2-4) . Different cell types is maintained after PEI-adenofection. The same unmodified adenovirus can be used in combination with any present large variations in adenoviral infectability. For instance, a lacZ-expressing nonreplicative type 5 adenoplasmid complexed to PEI, avoiding genetic engineering of the adenovirus. As for lipoadenofection, this method virus at 200 p.f.u. per cell infects only 1-2% of the 3T3-F442A adipocytes, 19 about 20% of FAO hepatoma cells probably allows transfection of large size plasmids. In addition, an essential point argued here, is that this tion; Rockville, MD, USA) as previously described.
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Adenoviruses were purified by banding on two successmethod is compatible with the maintenance of a correct regulation of the transferred gene. Indeed, stimulation of ive cesium chloride gradients, dialyzed against phosphate-buffered saline containing 10% glycerol, and stored transgene expression by clofibrate, dexamethasone or insulin are maintained and levels of induction are similar at −80°C. Viral titres were determined by plaque assay using 293 cells. to those previously reported with cells transfected by other means.
In conclusion, these results show that a modular transGene transfer procedure fection approach combining different amounts of nonExperiments were performed on 7 day post-confluent viral and viral-based vectors can be custom-tailored to fit 3T3-F442A differentiated adipocytes, on 3 day postwith the physiology of different cell types. It is this versaconfluent C2.7 differentiated myocytes and on subcontile and combinatorial nature of the approach that will no fluent FAO hepatoma cells. For transfection, the plasmid doubt lead to its application in many other transfection DNA and the desired amount of PEI (0.28 l of 0.1 m PEI resistant cell types.
stock solution per microgram of DNA for a charge ratio of 1.5) were separately diluted into 50 l of 150 mm NaCl, mixed together and vortexed. Polycation-DNA com-
Materials and methods
plexes were diluted into 2 ml of serum-free medium in 60 mm culture dishes with or without adenovirus (20-Materials 400 p.f.u.). When adenovirus was used, it was added 10 PEI 800 kDa was from Fluka (Buchs, Switzerland) and min after forming the PEI-DNA complex in NaCl and PEI 25 kDa from Sigma Chemicals (St Louis, MO, USA).
before dilution in serum-free medium. The optimized LipofectAMINE was from Gibco BRL (Gaithersburg, MD, transfection procedure using lipofectAMINE alone or USA).
14 C Chloramphenicol was from ICN Pharmaceutassociated with adenovirus (lipoadenofection) has been icals (Costa Mesa, CA, USA). All other products were described previously. 19 Seven hours later, medium was obtained from Sigma. The origin of pSV2-CAT (Simian changed to 4 ml of culture medium containing 10% fetal virus 40 (SV40) promoter fused to the chloramphenicol calf serum, unless otherwise stated. Cells were harvested acetyltransferase (CAT) gene), pBA-nlsLacZ (mouse ␤-16 h later. actin promoter driving the E. coli lacZ gene which encodes ␤-galactosidase fused to the nuclear localization sig-CAT and ␤-galactosidase assays nal of SV 40) and pPL1-CAT (−2100 to +69 base pairs (bp) Preparation of cell homogenates for CAT assays was perof the rat phosphoenolpyruvate carboxykinase gene proformed as detailed elsewhere. 19 The method of Seed and moter fused to the CAT gene) were described elseSheen, 40 was used for CAT activity determination. One where. 19 HKII-CAT plasmid is the fragment from −487 to unit of CAT converts 1 mole of chloramphenicol to +147 bp of the rat hexokinase II gene promoter fused to butyryl-chloramphenicol per min at pH 7.8 and 37°C. For the CAT gene. 25 Plasmids were prepared by two success-␤-galactosidase assays, cells were rinsed with phosphateive equilibrium centrifugations in cesium chloride/ buffered saline, fixed and stained with 5-bromo-4-chloroethidium bromide gradient.
3-indolyl-␤-d-galactoside as described.
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Cell culture 3T3-F442A adipoblasts, 34 C2.7 myoblasts, 35 and FAO Acknowledgements hepatoma cells, 36 were cultured in 60 mm dishes at 37°C We are grateful to Drs Howard Green, Mary Weiss and in a humidified atmosphere of 10% CO 2 /90% air. 3T3-Didier Montaras and Christian Pinset for providing us F442A and C2.7 cells were grown in Dulbecco's modified with, respectively, 3T3-F442A, FAO and C2.7 cell lines. Eagle's medium (DMEM) containing 200 IU/ml penicilWe wish to thank Dr Daryl Granner for pPL1-CAT and lin, 50 mg/l streptomycin, 8 mg/l biotin, 4 mg/l pantothpHKII-CAT and Dr Jean François Nicolas for pBAenate and 3.7 g/l bicarbonate and supplemented with nlsLacZ. The contributions of Dr Michel Perricaudet, who 10% and 20% fetal calf serum, respectively. Adipose difsupplied the adenovirus vectors, and Dr Jean Paul Behr, ferentiation was achieved in the same medium supwho helped to start the experiments, are greatly appreciplemented with 0.02 m insulin for 8 days. C2.7 myocytes ated. CM-D and LS are recipients of a fellowship from were obtained by culturing confluent cells in medium the French Ministè re de l'Education Nationale, de l'Encontaining 1% fetal calf serum for 3 days. FAO cells were seignement Supé rieur et de la Recherche. This work was cultured in Ham F12 medium containing 10% fetal calf supported by grants from the Association Française Conserum, 200 IU/ml penicillin, 50 mg/l streptomycin and tre Les Myopathies and from the Ministè re de l'Educ-3.7 g/l bicarbonate. ation Nationale, de l'Enseignement Supérieur et de la Recherche (No. 95.G.0102.01 to CF).
Adenovirus propagation
The Ad-RSV-nlsLacZ (Rous sarcoma virus promoter driving the nlsLacZ gene) was described previously. 37 The
